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Abstract:

Optical sensors for environmental humidity have been constructed from poly (N-
isopropylacrylamide)-co-acrylic acid (pNIPAm-co-AAc) microgels. The devices were
constructed by first depositing a monolithic layer of pNIPAm-co-AAc microgels on a
Au-coated glass substrate followed by the addition of another Au layer on top. The
resultant assembly showed visual color, and exhibited multipeak reflectance spectra. We
found that the thickness of the device's microgel layer depended on environmental
humidity, which corresponded to a change in the device's optical properties. Specifically,
at low humidity the microgel layer was collapsed, while it absorbed water from the
atmosphere (and swelled) as the humidity increased. Additionally, we investigated how
the deposition of the hygroscopic polymer poly (diallyldimethylammonium chloride)
(pPDADMAC) onto the microgel layer (prior to final Au layer deposition) influenced the
devices humidity response. We found that the devices were more sensitive to humidity as

the number of pPDADMAC layers in the device increased. Finally, we evaluated the



device performance at various temperatures, and found that the sensitivity was enhanced

at low temperature, although the response was more linear at elevated temperature.
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Introduction:

For decades, polymeric materials have proven to be an important (if not the most
important) class of materials for myriad applications. This is mainly due to the versatility
of their synthesis and facile chemical modification to yield materials with tailor-made
mechanical properties, morphologies, and function.[1, 2] While polymers themselves are
interesting, perhaps even more interesting are materials that can "sense" and "respond" to
their environment by changing their chemical and/or physical properties.[3] Polymers
with this ability are referred to as stimuli responsive (or smart) polymers, and have found
numerous applications[4-11] as a result of their response to stimuli like pH, temperature,
concentration, presence of analytes, and electric/magnetic fields.[12-17] Ideally, the
response of the polymers should be fully reversible once the environmental stimulus is
removed.

One of the most extensively studied stimuli responsive polymers is poly (N-
isopropylacrylamide) (pNIPAm).[18-22] PNIPAm is a thermoresponsive polymer that
undergoes a conformational change from an extended coil to compact globule in water
when the temperature is raised > 32 °C, which is pNIPAm's lower critical solution
temperature (LCST).[23] Above this temperature, pNIPAm transitions from a hydrophilic
to a relatively hydrophobic state, where polymer-polymer interactions dominate.
Additionally, crosslinked networks of pNIPAm (hydrogels) and colloidally stable
hydrogel particles (microgels) can be synthesized. Like their linear counterparts,
pNIPAm-based hydrogels and microgels are thermoresponsive; they decrease in size at

elevated temperature, while they swell at low temperature. PNIPAm-based materials can



also be made responsive to a number of stimuli by incorporation of additional functional
groups at the time on synthesis. The most common functionalities added are amines
and/or carboxylic acids; for example, acrylic acid (AAc), methacrylic acid (MAAc), vinyl
acetic acid and N-(3-Aminopropyl) methacrylamide hydrochloride (APMAH).[12-14, 24-
26] In previous work, we showed that optical devices could be fabricated by
sandwiching pNIPAm-based microgels between two Au layers supported on a glass
substrate. This device, referred to as an etalon, exhibits visible color and multipeak
reflectance spectra as shown in Figure 1. The position of the peaks in the reflectance
spectra depends on a number of factors according to equation (1):[27]
A= (2nd cos 0) /m (D)

where n is the refractive index of the microgel (dielectric) layer, d is the mirror—
mirror distance, 0 is the angle of incident light relative to the device normal, and m (an
integer) is the order of the spectral peak. We point out that while the device's optical
properties depend on the parameters in equation (1), the mirror-mirror distance is
primarily responsible for the tunable optical properties of our devices (at a single

observation angle).
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Figure 1: (a) Schematic of a microgel-based etalon. (b) A typical reflectance



spectrum of a pNIPAm-co-AAc microgel-based etalon.

We have used pNIPAm-co-AAc microgels and microgel-based etalons for many
applications, such as: for sensing and biosensing, artificial muscles, water remediation
and drug delivery.[15, 28-34] To expand the scope and utility of etalons, we show here
that humidity responsive microgel-based etalons can be fabricated, and their sensitivity to
humidity enhanced by depositing a hygroscopic polyelectrolyte layer before deposition of
the final Au layer.[35, 36] Specifically, the devices were fabricated by depositing a
polycationic poly (diallyldimethylammonium chloride) (pDADMAC) layer on top of the
pNIPAm-co-AAc (polyanionic) microgel layer that was painted on a Cr/Au coated glass
substrate. The final devices were achieved by depositing another Cr/Au layer on the
polymer layers. Additional devices were fabricated by depositing a layer of polyanionic
poly (sodium 4-styrenesulfonate) (PSS) on the first pPDADMAC layer, followed by
addition of another pPDADMAC layer prior to the deposition of the final Cr/Au layer.
These layers were strongly bound to each other (and subsequently to the substrate) via
electrostatic interactions. Finally, additional devices were fabricated by depositing
another layer of PSS and pDADMAC onto the existing layers prior to the final Cr/Au
layer deposition.[37] Once the devices were constructed, we investigated their response
to humidity. We found that the number of multilayers deposited on the initial microgel
layer significantly improves the sensitivity of the devices to changes in environmental
humidity, which was attributed to increased water affinity for devices with increased
layers of the hygroscopic pPDADMAC. We also found that temperature influences the

device's performance, which we attributed to the pNIPAm thermoresponsivity.



Experimental:

Materials: N,N'-methylenebisacrylamide (BIS) (99%), acrylic acid (AAc) (99%),
and ammonium persulfate (APS) (98+%) were obtained from Sigma-Aldrich (Oakville,
Ontario), poly(sodium 4-styrene-sulfonate) (PSS) and poly (diallyldimethylammonium
chloride) solution (P DADMAC) of MW <100,000 (20% in water) was purchased from
Sigma-Aldrich (St. Louis, MO) and were used as received. N-Isopropylacrylamide
(NIPAm) was purchased from TCI (Portland, Oregon) and purified by recrystallization
from hexanes (ACS reagent grade, EMD, Gibbstown, NJ) prior to use. Deionized (DI)
water with a resistivity of 18.2 MQecm was used. Fisher’s finest glass coverslips were
25%25 mm and obtained from Fisher Scientific (Ottawa, Ontario). Cr was 99.999% and
obtained from ESPI (Ashland, OR), while Au was 99.99% and obtained from MRCS
Canada (Edmonton, AB). Anhydrous ethanol was obtained from Commercial Alcohols
(Brampton, Ontario). Annealing of the Au-Cr coated cover slips was done in a
Thermolyne muffle furnace from Thermo Fisher Scientific (Ottawa, Ontario).

Poly (N-isopropylacrylamide)-co-acrylic acid Microgel Synthesis:

Poly (N-isopropylacrylamide)-co-acrylic acid (pNIPAm-co-AAc) microgels were
synthesized via temperature-ramp, surfactant free, free radical precipitation
polymerization as described previously.[26] The pregel solution was comprised of 85%
(mole/mole) NIPAm, 10% AAc, and 5% BIS as the crosslinker. Initially, NIPAm (17.0
mmol), and BIS (1.0 mmol) were dissolved in deionized water (100 mL) with stirring in a
beaker. The mixture was filtered through a 0.2 pum syringe filter affixed to a 20 mL
syringe into a 200 mL 3-neck round-bottom flask. The beaker was rinsed with 25 mL of

deionized water, filtered and added to the NIPAm/BIS solution. The round bottom flask



was then equipped with a temperature probe, a condenser and a N, gas inlet. The solution
was bubbled with N, gas for ~1.5 h, while stirring at a rate of 450 RPM, allowing the
temperature to reach 45 °C. AAc (2.0 mmol) was then added to the heated mixture with a
micropipette in one aliquot. A 0.078 M aqueous solution of APS (5 mL) was delivered to
the reaction flask with a transfer pipet to initiate the reaction. Immediately following
initiation, a temperature ramp of 45 to 65 °C was applied to the solution at a rate of 30
°C/h. The reaction was allowed to proceed overnight at 65 °C. After polymerization, the
reaction mixture was allowed to cool to room temperature and filtered through glass wool
to remove any large aggregates. The coagulum was rinsed with deionized water and
filtered through glass wool. Aliquots of these microgel solution (14 mL) were centrifuged
at a speed of ~8500 relative centrifugal force (RCF) at 23 °C for ~ 45 minutes to produce
a pellet at the bottom of the centrifuge tube. The supernatant was removed from the pellet
of microgels. The pellet of microgels was then resuspended with deionized water to the
original volume (14 mL). This process was repeated a total of six times to remove any
unreacted monomer and/or linear polymer from the microgel solution. This concentrated
microgel was used to fabricate the devices. The diameter of the microgel particles was
measured to be = 1.5 um by a differential interference contrast microscope (data not
shown).

Device Fabrication:

Pre-cleaned glass cover slips (2.54 sz) were rinsed with DI water and ethanol and
dried with N, gas, and 2 nm of Cr followed by 15 nm of Au were thermally evaporated
onto them at a rate of ~0.2 A s and ~0.1 A s™', respectively, using a Torr International

Inc. model THEUPG thermal evaporation system (New Windsor, NY). The Cr acts as



adhesion layer to hold the Au layer on the substrate. A concentrated solution of microgels
(from centrifugation) was vortexed and placed onto a hot plate at 30 °C. An aliquot (40
uL for each 2.54 cm?) of the concentrated microgels was added to a Au-coated glass
substrate (also on a hot plate held at 30 °C) and then spread toward each edge using the
side of a micropipette tip according to our previously reported protocol.[38] The substrate
was rotated, and the microgel solution was spread again to avoid uneven drying. The
spreading and rotation continued until the microgel solution became too viscous to spread
due to drying. The microgel solution was allowed to dry completely on the substrate for 2
h with the hot plate temperature set to 35 °C. After 2 h, the dry film was rinsed copiously
with DI water to remove any excess microgels not bound directly to the Au. The microgel
coated substrate was then placed into a DI water bath and allowed to incubate overnight
on a hot plate set to ~30 °C. Following this step, the substrate was again rinsed with DI
water to further remove any microgels not bound directly to the Au surface. The
microgel-coated substrate was then dried with N, gas. Some of the microgel painted
substrates were subsequently coated with another layer of Cr/Au to complete the etalon
fabrication. Other devices were further exposed to pPDADMAC solution (2 mg/mL, pH =
6.5) and PSS solution (2 mg/mL, pH= 4.35) to yield the desired layers on top of the
microgels. Each layer was deposited by dipping substrates in the respective solutions,
with copiously washing with DI water and drying between layer depositions. In this
study, we deposited a single pPDADMAC layer on top of the microgel layer prior to final
Au layer deposition; devices composed of pDADMAC/PSS/pDADMAC and
pDADMAC/PSS/pDADMAC/PSS/pDADMAC were also constructed, as shown

schematically in Figure 2.
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Figure 2: Schematic of humidity-responsive device fabrication. (a) PNIPAm-co-AAc
microgel-coated substrates can either be coated with a final Au layer to complete device
fabrication, or subsequent polymer layers can be deposited on the microgel layer prior to
final Au deposition. (b) A pPDADMAC layer can be deposited on the microgel layer by
dipping the substrate into a pPDADMAC solution, followed by rinsing and coating with
the final Au layer. Alternatively, another pPDADMAC layer can be added to the device
by first adding a layer of (c) PSS, rinsing, and exposing the substrate to pPDADMAC once
again and depositing Au. This process can be repeated any number of times prior to Au

layer deposition.

Humidity Response:

The devices were fixed in the center of a sealed chamber fitted with a humidity
feedback system by ramé-hart Instrument Co. (Model 100-26 TH) that was capable of
controlling humidity using an Air-O-Swiss AOS 7145 Cool Mist Ultrasonic humidifier

(manufactured by Swiss Pure Air) and a humidity sensor from TEGAM (Model RDP-



20C). Reflectance spectra were collected using a USB2000+ spectrophotometer, a HL-
2000-FHSA tungsten light source, and a R400-7-VIS-NIR optical fiber reflectance probe
all from Ocean Optics (Dunedin, FL) and positioning the light source above the center of
the devices. The distance between the reflectance probe and the devices was adjusted to
yield optimal reflectance spectra, and was typically 0.2-0.3 cm. The distance was
unchanged in each experiment. Spectra were recorded using Ocean Optics Spectra Suite
Spectroscopy Software over a wavelength range of 350-1025 nm. A digital temperature
controller was connected to the chamber, which allowed us to control the temperature of
the chamber. Reflectance spectra were collected at various humidities and temperatures

using this setup — one full humidity increase/decrease cycle typically took 4 hr.

Results and Discussion:
Initial experiments focused on determining the response of unmodified microgel-
based etalons to changes in humidity at various temperatures, and the results can be seen

in Figure 3. As can be seen, at all temperatures, the Ay« of the reflectance peak shifts
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Fig 3. Position of a single reflectance peak (Ayax) for devices at (a) 25 °C, (b) 30 °C, (c)
35 °C, and (d) 40 °C. Here, symbol (4 ) indicates a humidity increase cycle while symbol
(V) denotes a humidity decrease cycle. Each data point represents the average of at least

three independent measurements on the same device, and the error bars are the standard

deviation for those values.

to higher values as the humidity increased. We hypothesize that this is a result of the air

moisture partitioning into (and swelling) the hygroscopic microgel layer of the device,

leading to an increased mirror-mirror distance, and a concomitant red shift, according to
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equation 1.[39] With decreasing humidity the A« of the spectral peaks shift toward
lower wavelength (blue shift), which we hypothesize is due to the microgel layer
desolvating, leading to a decrease in the distance between the etalon's mirrors. We also
note that the hysteresis between humidity increase/decrease cycles is minimal. As can be
seen in Figure 3 (a,b), when the etalons are held at T < LCST, there is a sharp increase in
Amax at 60% humidity. We attribute this to the relatively hydrophilic nature of pNIPAm at
this temperature, allowing the device to become fully water saturated at this humidity.
For comparison, the data in Figure 3 (c,d) show that this sharp increase was not observed
at T > LCST, and the response is more linear over a larger humidity range. The humidity
response can be repeated with the same device over many cycles, as can be seen in Figure

4(a), making these devices useful for sensing atmospheric humidity.
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Fig 4. Position of a single reflectance peak (Ayax) for an (a) etalon, (b) etalon with a single

pDADMAC layer, (c) an etalon with layers pPDADMAC/PSS/PDADMAC, and (d) an

etalon with layers pPDADMAC/PSS/pDADMAC/PSS/pDADMAC. We point out that the

layers are deposited on the microgels prior to final Au deposition. The experiments were

conducted at (A) 25 °C, (V) 30 °C, (W) 35 °C, and (®) 40 °C and the humidity cycled

between (odd numbers) 20 and (even numbers) 70 % on the same device.
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In an effort to make the devices more sensitive to humidity, we modified the
microgel layers with hygroscopic polymers. We hypothesized that if we could render the
microgel layer more hygroscopic it would be able to absorb large amounts of water from
the atmosphere (compared to the microgels alone) leading to an enhancement of the
device's optical response. In previous studies, we showed that pNIPAm microgel-based
layers on surfaces become increasingly hygroscopic upon the addition of the polycation
pDADMAC.[37, 39] Inspired by our previous work, microgel-based etalons were
fabricated with varying numbers of pPDADMAC layers deposited on the microgel layer
prior to the addition of the final Au layer on top of the microgel layer. Specifically, the
pNIPAm-co-AAc microgel layer was deposited on the Au-coated glass coverslip as
usual, then the substrate was dipped into a pPDADMAC solution (pH= 6.5) for 20 min,
rinsed copiously with DI water, dried and finally coated with the Au overlayer to
generate the etalon. Figure 5 shows the response of the etalon composed of a single
pDADMAC layer on the microgels to humidity as a function of temperature. As can be
seen from Figure 5, we observe that the device are more sensitive at temperature below
32 °C. This may be due to the fact that the microgels are crosslinked by the electrostatic
interaction with the pDADMAC. Therefore, the layer between the Au starts off in a
relatively collapsed state (compared to just the microgels), while still maintaining its
ability (perhaps enhanced ability due to the pPDADMAC layer) to absorb atmospheric
moisture. Therefore, the response is enhanced compared to the microgels alone. Like the
microgel layer alone, the response of the device to humidity became more linear at

temperature above 32 °C, while still maintaining minimal hysteresis at all temperatures.
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Fig 5. Position of a single reflectance peak (Amax) for an etalon composed of microgels
with a single pPDADMAC layer at (a) 25 °C, (b) 30 °C, (c) 35 °C, and (d) 40 °C. Here,
symbol (4A) indicates a humidity increase cycle while symbol (V) denotes a humidity
decrease cycle. Each data point represents the average of at least three independent

measurements on the same device, and the error bars are the standard deviation for those

values.

Devices coated with 2 pDADMAC layers (pDADMAC/PSS/pDADMAC) and 3

pDADMAC layers (pDADMAC/PSS/pDADMAC/PSS/pDADMAC) on the microgel
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layer were also constructed. These multilayer devices were made by sequential addition
of pPDADMAC and PSS by layer-by-layer (LbL) approach followed by Au overlayer
deposition. Firstly, a pPDADMAC layer was deposited onto the microgel-coated substrate
followed by a PSS layer. Repeating this process yielded the desired devices. The
responses for the devices composed of 2 pPDADMAC layers and 3 pDADMAC layers are
shown in Figures 6 and 7, respectively. Their response to multiple cycles of
increased/decreased humidity is shown in Figure 4. As can be seen, the devices
composed of pDADMAC/PSS/pDADMAC and
pDADMAC/PSS/pDADMAC/PSS/pDADMAC layers exhibit increased sensitivity
compared to devices with only a single pPDADMAC layer. Similarly, these devices show
less sensitivity at temperatures above 32 °C. But the response is again more linear, and

has a larger linear range, at high temperature (Figure 6 and Figure 7).
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Fig 6. Position of a single reflectance peak (An.x) for an etalon composed of microgels
coated with pPDADMAC/PSS/pDADMAC at (a) 25 °C, (b) 30 °C, (c) 35 °C, and (d) 40
°C. Here, symbol (4A) indicates a humidity increase cycle while symbol (V) denotes a
humidity decrease cycle. Each data point represents the average of at least three
independent measurements on the same device, and the error bars are the standard

deviation for those values.
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Fig 7. Position of a single reflectance peak (Amax) for an etalon composed of microgels
coated with pDADMAC/PSS/pDADMAC/PSS/pDADMAC at (a) 25 °C, (b) 30 °C, (c)
35 °C, and (d) 40 °C. Here, symbol (4) indicates a humidity increase cycle while symbol
(V) denotes a humidity decrease cycle. Each data point represents the average of at least
three independent measurements on the same device, and the error bars are the standard

deviation for those values.
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Finally, we were able to conclude that the sensitivity of the devices to humidity can be
increased by layering the hygroscopic polyelectrolyte pPDADMAC on the microgel layer
prior to deposition of the final Au layer. The data is summarized in Table 1, which clearly

shows devices with more pPDADMAC layers are more sensitive to humidity.

Table 1: The table outlining the change in AL . for different devices at different

temperature.
Device Temperature, (°C)
25 30 35 | 40
Etalon 112 | 57 82 | 43
pDADMAC Etalon 138 | 98 42 | 43 | Ahmax
pDADMAC/PSS/pDADMAC Etalon 140 | 190 | 110 | 62 | Value
pDADMAC/PSS/pDADMAC/PSS/pDADMAC | 152 | 70 85 | 52

Conclusion:

In summary, we were able to show that pNIPAm microgel-based etalons can be used as a
humidity sensor over a wide range of humidity. Additional multilayers of polyelectrolytes
can be added to the microgel layers to enhance the sensitivity of the devices to humidity.
We attribute the increased sensitivity to the hygroscopic pPDADMAC, which allows the
microgel-based cavity to more extensively swell in humid air. We also showed that the
response of the devices to humidity was reproducible over many humidity
increase/decrease cycles with minimal hysteresis. Additionally, we investigated the

response of the devices to humidity at various temperatures. The data showed that the
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device response to humidity was more linear at elevated temperature, although the
sensitivity of the devices to humidity was higher at low temperature. Finally, these
devices are easy to fabricate and use, inexpensive, and do not require any special
equipment to determine humidity — a simple color change detectable by eye can be
related to humidity (although fine humidity determination would be a challenge in this
case). We expect that the devices here can be made sensitive to other vapors by
incorporating materials that selectively bind desired species of interest. The devices here
can also be easily arrayed on substrates to potentially make a single device capable of
sensing multiple vapors. These are clear advantages over commercially available
technology, which yield only electronic signals, are considerably more expensive than the
devices here, and are only sensitive to a single vapor (a new sensor is needed for each

species of interest).
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